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Abstract 
This paper studied how the introduction of additive manufacturing (AM) in space applications impacts 
the design phases. Together with three manufacturers of space applications, the potential benefit as well 
as constraints are studied to identify design gaps. A literature survey is conducted to match the needs 
and following an analysis the impact on design practice is formulated. Results show the need to combine 
a wider design exploration capability, in combination with comparative modelling strategies. 
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1. Introduction 
Products designed for space applications such as launchers and satellite systems represent a challenging 
category of products from an engineering design perspective. Unlike other industries (Pawlicki, 2015), 
these products are produced in small batches and have to cope with the extreme conditions and 
requirements of launching and, at the same time, satellite applications have to be able to have a useful 
life of more than 15 years after successful orbit insertion. (Castet and Saleh, 2009). The recent 
advancements made in additive manufacturing (AM) technologies, are attractive for space applications. 
AM allows for weight and material volume minimization, which are indeed ideal drivers in costly 
products to be produced in low production volumes (Mellor et al., 2014). At the same time, AM 
increases the opportunity to apply novel strategies in the design activity. For instance, topology 
optimization combined with additive manufacturing (Brackett et al., 2011) offers the opportunity to 
manufacture products with minimal weight, by solving material distribution problems.  
From a design perspective, however, AM represent a radically new way of manufacturing and brings 
a great deal of uncertainty. Engineering design strategies offer tactics for engineers to systematically 
guide the development of products (Cross, 2000). Such methods address the generation and 
application of technical knowledge to control and improve the product along its lifecycle. For 
example, design for manufacturing and assembly (DfMA) methods (Boothroyd et al., 2010) target the 
support of design products in such a way that they are easy to manufacture and assemble. However, 
regarding AM, the guidelines and strategies suggested by conventional ‘design for X’ (DfX) methods 
(Boothroyd et al., 2010) do not constitute a fully relevant design support. New guidelines and 
strategies on how to “design for additive manufacturing” (DfAM) are needed. Literature (e.g., 
Thompson et al., 2016) has provided a number of insights into DfAM but have often been derived 
from lessons learned from a number of industrial contexts - such as biomedical or automotive (Guo 
and Leu, 2013) - which do not present the same critical conditions such as the ones encountered by 
space applications.  
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 This paper investigates the impact on design when introducing additive manufacturing in space 
applications. Through a literature and an empirical study, the restraints and challenges of space 
applications are matched together with the existing design strategies for additive manufacturing. The 
results of these studies are then discussed, pointing at the centrality of “modelling” as a crucial design 
strategy in the context of DfAM. This research was organized around the following research 
questions: 
 RQ1: How can DfAM methods be a support to effectively introduce additive manufacturing in 
space applications? 
 RQ2: How can DfAM methods be extended to match the constraints imposed by the introduction 
of additive manufacturing in space applications?  
2. Research methodology  
The study can be described as a Research Clarification (RC) in the Design Research Methodology 
(DRM) framework (Blessing and Chakrabarti, 2009). The research results come from the 
combination of a systematic literature mapping study (Kitchenham and Charters, 2007) and an 
empirical study in a Swedish-funded research project. The literature mapping was conducted by 
cross-analysing and ‘matching’ two neighbouring research areas – namely, research on design for 
additive manufacturing methods (DfAM domain), and research on the introduction of additive 
manufacturing in space products. The empirical study was realized in two workshops that joint the 
efforts of Swedish universities and aerospace industries with the objective of demonstrating the 
feasibility of introducing and qualifying additive manufacturing technologies in space applications.  
2.1. Systematic literature mapping  
A literature review on a topic identifies and evaluate existing areas or gaps demanding research 
(Wohlin, 2014; Alabama University, 2018). From the most popular methodologies for performing a 
literature review, systematic literature review and systematic literature mapping study, in this article 
a systematic literature mapping study was preferred. This methodology was preferred because it 
focuses on broad research questions reviewing substantial number of publications and aims for 
publication classification to achieve a high understanding of the research area (Barn et al., 2017). 
The literature mapping was performed on two sets of academic publications found in SCOPUS 
database, as it is the largest citation and abstract database of peer reviewed literature (Elsevier, 2018). 
The first SCOPUS search focused on research on DfAM methods and the second, instead, focused 
on research on AM applications in the space industry. As presented in Figure 1, the scope was limited 
to the subject area of engineering and to journal articles, conference papers and book chapters. 
Regarding the search conducted on the DfAM domain, the procedure was limited to title, abstracts 
and keywords and the results obtained were filtered by title, abstract and then by full-text content. 
Previous research (Bertoni et al., 2017) shows the importance of explicitly defining inclusion and 
exclusion criteria for filtering publications during literature reviews. The inclusion criteria, in this 
case, were to preserve entries related with the design methodologies applied to physical products 
(hence are related to the actual hardware, or mechanical, design) and that are intended to be fabricated 
using AM techniques.  
Regarding the search conducted on the industrial application (space) domain, the search was limited 
to keywords, being then filtered by title, abstract and full text. The inclusion criteria were preserving 
entries related with the space industry and its implementation of AM, with a focus on the design of 
physical products with engineering content (hence related to the actual hardware design of a space 
product) and the used methodologies and encountered challenges during this process. For both 
searches, redundant items were removed and the remaining list was complemented with other entries 
implementing a procedure of backward snowballing (Wohlin, 2014) with the purpose of reaching 
publications outside the range of SCOPUS and increase the validity of the literature mapping. Finally, 
due to the rapid development of AM technologies, the final list was enhanced with not-peer reviewed 
new publications from the industrial/technology domain. The resultant list of articles is composed of 
58 items.  
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Figure 1. Systematic literature mapping procedure 
2.2. Empirical study 
Participants in the two workshops were industrial experts from three space equipment manufacturers, 
who are active in roles that relate to the generation and selection of new design concepts. The main 
aspects of interest during the workshop were related to two main dimensions:  
 How AM enables the generation of new radical design concepts  
 How AM engineering design phases have to be conducted, with a special emphasis on the 
qualification and certification stage  
Problems in the current situations as well as wishes for the future were discussed. The workshop 
benefited from the collective analysis and idea generation on three case components presented by each 
of the company partners. The empirical data has been collected by observations using field notes and 
reflections, which were then distributed to the participants of the workshop discussion. Follow-up phone 
meetings were conducted with the participations for verification and exchange statements.  
3. Research findings  
This section presents the different results obtained from the two literature mapping studies performed, 
as well the findings from the empirical study conducted.  
3.1. Literature mapping 
On the first part of this chapter, the results from the mapping in the DfAM domain are presented. This 
part exhibits benefits, and constraints mentioned in the DfAM literature and tools and objectives found 
among DfAM methodologies. In the second part of this chapter, the results from AM applications in the 
space domain are presented and needs and challenges for AM in the context of space products are 
collected and explained. To wrap up, a cross analysis chart of both literature analyses is presented.  
3.1.1. DfAM domain: Benefits and constraints from designing with additive manufacturing  
From the DfAM domain search, a number of benefits and constraints emerged. The most recurrent 
benefit of AM is an unprecedented design freedom, 26 related articles were found, such as (Wits et al., 
2013; Rosen, 2014; Laverne et al., 2015; Rias et al., 2017). This freedom enabled by 3D printing 
technologies includes shape, function, material and hierarchical complexity making possible product 
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 customization (Rosen, 2013; Salonitis, 2016; EOS, 2018) without the need of tooling or increased 
manufacturing time and cost (Yang et al., 2016; Kannan, 2017). AM allows also the possibility of 
structural design (18 articles) (Thompson et al., 2016) enabling constructions with anisotropic materials, 
material gradient (Dimitrov et al., 2006; Gordon et al., 2016; Goehrke, 2017; Stratasys, 2018) and 
multiscale structures. Weight reduction is also an advantage, using strategies like topology optimization 
(Yang et al., 2016), or part consolidation (22 articles) in the form of integrated, internal or embedded 
designs and interlocking features (Gibson et al., 2010; Gutierrez et al., 2011; Calì et al., 2012; Davis et 
al., 2016; Advantech, 2017) facilitating assembly (Hague et al., 2003; Mahto and Sniderman, 2017).  
Constraints found related to AM include a constrained material availability (9 articles) (Thompson et 
al., 2016; Shao, 2017), performance and standardization of machines and processes (10 articles) 
(Laverne et al., 2015; Tilton et al., 2017; Stratasys, 2018) and CAD software adapted and developed for 
AM (13 articles) (Rosen, 2007; Salonitis, 2016; HSSMI, 2017; Käfer and Seit, 2017; Renishaw, 2018). 
Post processing is also a concern (19 articles) regarding the removal of support material, manufacturing 
tolerance limitations, releasing of thermal tension or improvement of surface finishing (Thomas, 2009; 
Klahn et al., 2015; Custompart, 2018; Hassanin et al., 2018). Another concern is feature size limitations 
(15 articles) like maximal angle between the part surface and the machine plate, that if surpassed creates 
the need of using support structure. Also, resolution of features, like graven fonts or maximum size of 
enclosed hollow volumes that, if exceeded will create the need of using internal support structure 
impossible to remove afterwards (Gordon et al., 2016; Kumke et al., 2016; Blösch-Paidosh and Shea, 
2017; Kannan, 2017; Seepersad et al., 2017; MSCSoftware, 2018). Moreover, defects and their detection 
(10 articles) are problematic, as they can reduce fatigue life or facilitate crack propagation. There is a 
lack of knowledge of the physical phenomena that take place during the AM process and a difficulty to 
predict the quality of a piece (Ponche, 2013; MSCSoftware, 2018). Parts manufactured with AM have 
a complex thermal history that involves repeated fusion, directional heat extraction, and rapid 
solidification (Frazier, 2014; Loughborough, 2018).  
3.1.2. DfAM strategies  
22 entries were found related to methodologies for DfAM, the objectives of those methodologies are: 
design guidelines for fostering innovation/ideation (41%), for achieving part optimization (efficiently 
allocation of material) (30%) and for achieving part consolidation through reduction of the amount of 
parts to assemble (29%). Moreover, on the analyzed entries, the main strategies used for achieving those 
objectives are function modelling (54%), geometrical modelling (43%) and mathematical/physical 
modelling (3%).  
The guidelines to foster innovation are design methodologies focused mostly on taking advantage of 
AM´s design freedom. For this purpose, is frequently used function modelling to decompose the product 
function in hierarchical sub functions implementing tools like the modular three-dimensional function 
graph presented by Boyard (2015). Other strategies combine function modelling with idea generation 
tools, like the use of databases or analogies (Emmelmann et al., 2011; Brandt et al., 2013; Rias et al., 
2016). Geometrical modelling is also implemented through topology optimization (Maheshwaraa et al., 
2011; Vayre et al., 2012; Panesar et al., 2014) and mathematical/physical modelling, especially for 
modelling material behavior through mathematical equations (Chen et al., 2016). Methodologies 
focusing on part optimization aim to achieve an optimized version of a design, allocating better the 
material to minimize the material amount used, reducing weight, building time and manufacturing cost 
(Yang et al., 2016; Hu et al., 2017). For this purpose, function (Boyard et al., 2013) and geometrical 
modelling (Ponche et al., 2012; Ponche, 2013; Ponche et al., 2014) are implemented. Part consolidation 
have the objective of reducing the amount of assembly parts of a design through function integration, 
this approach can reduce the overall assembly time and cost (Calì et al., 2012; Maidin et al., 2012; Yang 
et al., 2015; Essa et al., 2017) using function integration through function modelling (Yang et al., 2015). 
From the literature mapping of the DfAM domain, can be concluded that the main efforts are directed 
to the exploration of benefits and constraints of AM and their translation into methodologies for aiding 
the designer to achieve mostly innovative designs, part consolidation and part optimization. The focus 
seems to be directed to take advantage of AM design freedom, with little regard about the introduction 
of this technology into the industrial application sector. 
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 3.1.3. Industrial application domain: Current focus of research on AM applications in space  
Needs and challenges regarding the application of AM in the context of space products are presented in 
the left part of Figure 2. The main focus is set on the need of developing comparative modelling 
strategies to aid the process of qualification (Wang et al., 2008) and help ensuring quality (32%).  
Qualification is needed for the establishment of a sufficient technology readiness level (Mankins, 1995), 
diminishing the level of uncertainty related with a new technology and is a need is present in all the 
extension of the production chain (Yeong et al., 2013; Gockel et al., 2014; Kim et al., 2014; Martukanitz 
et al., 2014; Uriondo et al., 2015; Farinia, 2018). Second, comes (17%) the need to develop 
methodologies for design (Goehrke, 2017), like the ones mentioned on the previous section, and thirdly, 
14% corresponds to the need of clear set of rules for printing process set-ups. Printing set-ups refers to 
considerations to be made for starting the printing process, from choosing machine and materials to 
selecting printing direction. These set-ups affect properties like: thermal, electric conductivity, tensile 
and yield strength, surface roughness, part accuracy and the use of support (Zhang and Bernard, 2013; 
Clinton, 2016; Blösch-Paidosh and Shea, 2017). 
 
Figure 2. Left, needs and challenges to apply AM in space products; Right, 
comparison of needs and challenges from the industrial domain with challenges addressed 
in the DfAM domain 
Machine processes and standards (10%) are also in need, as they help improving quality and 
qualification, as well as increasing market opportunities (Munguía et al., 2008; Johnston et al., 2014; 
TNO, 2014; Swerea, 2017; Kramer, 2018). Standards currently applied in traditional manufacturing are 
not suitable for AM technologies (Monzón et al., 2015). The need to develop or adapt CAD software to 
AM is also mentioned (10%) as traditional CAD tools for conventional manufacturing are obsolete. 
Furthermore, current CAD systems developed or adapted for AM are still in development (McClintock, 
2017) and there are few CAD packages for helping the engineers to fully adopt AM (Dordlofva et al., 
2016; McEleney, 2017; Hendley, 2018) and those packages have still limitations (Ghidini, 2013; Gibson 
et al., 2015; Yang and Zhao, 2015; McClintock, 2018). The need of methodologies for aiding design 
exploration and generating innovative ideas is also mentioned (6%), as well as the need to improve the 
technology to, for, example, diminish dimensional constraints (5%) and, the need to reduce post 
treatment (6%) recognized as a contributor for increasing lead time and cost (Schmelzle et al., 2015; 
Dordlofva et al., 2016; Grunewald, 2016; ESA, 2017; Hu et al., 2017; McClain, 2017; Schelmetic, 
2017). A poor surface finish, for example, must be treated with complementary processes due to the 
negative effect it has on fatigue resistance, heat transfer or contact among internal surfaces (Kumbhar 
and Mulay, 2016; Lindwall et al., 2017; Martin-Iglesias et al., 2017).  
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 For concluding this section, the right side of Figure 2 present the needs from the industrial application 
domain compared with the needs addressed in the DfAM domain. The areas of interest of the industrial 
and DfAM domain are misaligned, as the industrial domain seems primordially interested on developing 
comparative modelling strategies and the DfAM domain, in developing methodologies for design 
exploration and methodologies for design.  
3.2. Empirical study  
The first phase was focused on design exploration, were the industrial partners presented products 
currently manufactured with traditional processes, with the intention to be redesign for AM. In that 
context, companies and academic partners shared their expertise with a brainstorming session and 
collaborated to create a variety of redesign concepts for the targeted products. It was observed in this 
phase a tendency to generate concepts similar to the preexisting ones and a difficulty to integrate the 
benefits and constraints of AM. The major manufacturing and qualification concerns expressed by the 
industrial partners are related with the nature and detection of defects, as well as their impact on 
performance, material behavior and capabilities, surface finishing and geometric accuracy. On the 
second phase, function modeling was implemented, the case-products were decomposed into 
hierarchical functions to help the design process and assist the process of qualification, qualifying 
features and geometry regarding their associated function and manufacturing restrictions.  
Whilst the top-level functions from the original and the redesign models are expected to be the same, 
the constraints emerging from classical, often subtractive, manufacturing technologies can be relieved. 
Using this approach, the original functions and manufacturing constraints were identified, and the 
constraints emerging from traditional manufacturing were relieved. However, when conceptualizing the 
use of AM, benefits in geometrical freedom are realized, but there are also new constraints added. 
Introducing function modelling and constraints replacement in the workshops, enabled the discovery 
and removal of obsolete functions, the better realization of the existing ones and the possibility to include 
new. Figure 3 shows an example about the redesign of an annulus profile. In the example, an annulus 
shape manufactured with traditional methodologies is redesign for AM. In Figure 3 (left) the annulus is 
printed without redesign and the diameter is larger than a maximum diameter threshold for avoiding the 
need for support structures (AM constrain). Hence, the annulus requires the use of support structures. 
Considering this constrain since the early design allows for a new design that reduces the use of support 
(Figure 3, right).  
  
Figure 3. Annulus profile example elaborated using Materialise® Magics constraints 
replacement when designing with AM leading to geometry transformation to avoid 
undesired support structures 
4. Discussion: The need for a novel modelling strategy to introduce AM in space 
applications  
The results from the literature and the empirical study suggest that for AM to be introduced in space 
applications, the parts should go through a process of redesign, to take full advantage of this technology 
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 (Salonitis, 2016). However, the designing task in additive manufacturing is difficult as it involves a 
process of unlearning the design guidelines for traditional manufacture. For facilitating the design 
process, many DfAM methodologies are currently being developed and most of them (42% of the entries 
in the literature study) are focused on aiding the exploration of innovative design and more than half 
(54%) of the entries in the literature study focus on the adoption of function modelling to decompose 
the product function in hierarchical sub functions (Boyard, 2015), where new designs that fulfil the same 
(or new) functions can be generated through idea generation tools, like the use of databases or analogy 
methods - such as biomimicry (Emmelmann et al., 2011; Brandt et al., 2013; Rias et al., 2016).  
Through the use of such DfAM methods radical new designs and geometries can be generated (for 
example, the annulus profile in Figure 3), but this introduces an element of novelty that challenges 
decision-making processes during the design activity. The industrial practitioners taking part in the 
empirical study elaborate on the fact that - when making decisions - novel design alternatives are always 
compared to a base reference design, where a solid experience and confidence exists. Novel designs 
need to be proven to be “better” in comparison with existing solutions. These decisions have to be made 
early (already on a concept level), where design changes can be made spending little time and effort. 
The downside of making decisions early is that the full set of information may not be available at these 
stages Practitioners hence stress the need in the early design phases to generate information and 
knowledge about the “goodness” of such new designs for AM, in comparison to existing solutions. This 
need is mapped also in the results of the literature study, where research on AM introduction in space 
application stress the interest for comparative modelling strategies (32% of the entries) and sets little 
attention on design exploration (6%) (Figure 2, right).  
This discussion suggests the importance of modelling in order to exploit both design exploration 
opportunity and confidence in decision making. From the results of the literature analysis two main 
trends for modelling strategies emerge. Function modelling allows to represent current as well as novel 
designs simultaneously. Yet, to allow full comparison in the context of AM for space applications, 
manufacturing constraints should also be represented in a function model. In this way, constraints can 
be removed and introduced, allowing the generation of new insights in the design process already from 
the early phases. These types of representation could also become input to other comparative modelling 
strategies, such as the identification of critical ‘features’ to be tested in a physical artefact (intended to 
act as a ‘qualificator’) where critical design properties – regarding for example quality, surface finishing, 
or fatigue life – can be compared to existing solutions already since early design.  
5. Conclusions 
This paper studied how the introduction of additive manufacturing (AM) in space applications impacts 
the design phases, combining a literature and an empirical study in collaboration with three 
manufacturers. 
 The literature review indicates that - at present - focus is dominated by 1) the need to understand 
current constraints and behaviour of AM, and 2) ways to benefit from the increased degrees of 
freedom using AM.  
 Few studies are found on a systematic and generic modelling approach for DfAM. This need is 
instead stressed by industrial practitioners in the empirical study. Such a modelling approach can 
support the generation of insights and learnings that match the characteristics of AM with the 
design objectives/functions driving the novel designs.  
Preliminary findings indicate that a modelling approach able to represent functionality and constraints 
linked to different product concepts is crucial for real world design cases. For further work, it is 
suggested to explore the modelling of functions and constraints when re-designing for AM.  
Acknowledgments 
The authors gratefully acknowledge the financial support from the Swedish National Space Technology Research 
Program (NRFP) and the Swedish aerospace companies participating on the workshops for the RIQAM project 
that made possible the data collection needed for the empirical study. 
DESIGN METHODS 1003
 References 
Advantech (2017), Additive Electronics Manufacturing Technology. [online] Advantech. Available at: 
http://www.advantechus.com/additive-electronics-manufacturing.html (accessed 27.02.2018). 
Alabama University (2018), How to Conduct a Literature Review: Types of Literature Reviews. [online] University 
of Alabama Libraries. Available at: http://guides.lib.ua.edu/c.php?g=39963&p=253698 (accessed 
27.02.2018).  
Barn, B., Barat, S. and Clark, T. (2017), “Conducting Systematic Literature Reviews and Systematic Mapping 
Studies”, Proceeding ISEC '17 /the 10th Innovations in Software Engineering Conference, Jaipur, India, ACM 
New York, NY, USA, pp. 212-213. https://doi.org/10.1145/3021460.3021489 
Bertoni, M., Rondini, A. and Pezzotta, G. (2017), “A systematic review of value metrics for PSS design”, Procedia 
CIRP, Vol. 64, pp. 289-294. https://doi.org/10.1016/j.procir.2017.03.057 
Blessing, L. and Chakrabarti, A. (2009), DRM: A Design Research Methodology, Springer, London. 
https://doi.org/10.1007/978-1-84882-587-1 
Blösch-Paidosh, A. and Shea, K. (2017), “Design heuristics for additive manufacturing”, Proceedings of ICED’17 
/ the 21st International Conference on Engineering Design, Vol. 5, Vancouver, Canada, August 21-25, 2017, 
The Design Society, Glasgow, pp. 91-100.  
Boothroyd, G., Dewhurst, P. and Knight, W. (2010), Product design for manufacture and assembly, CRC Press.  
Boyard, N., Rivette, M., Christmann, O. and Richir, S. (2013), “A design methodology for parts using additive 
manufacturing”, Proceedings of the 6th International Conference on Advanced Research in Virtual and Rapid 
Prototyping, Leiria, Portugal, Taylor & Francis, London, pp. 399-404. https://doi.org/10.1201/b15961-74 
Brackett, D., Ashcroft, I. and Hague, R. (2011), “Topology optimization for additive manufacturing”, Proceedings 
of SFF 2011 / the 22nd Annual International Solid Freeform Fabrication Symposium, Vol. 1, Austin, Texas, August 
8-10, 2011, The University of Texas at Austin, pp. 348-362.  
Brandt, M., Sun, S., Leary, A. and Liu, Q. (2013), “High-value SLM aerospace components: from design to 
manufacture”, In: Subic, A. (Ed.), Advanced Materials Research, Vol. 633, pp. 135-147. 
https://doi.org/10.4028/www.scientific.net/AMR.633.135 
Calì, J., Calian, D., Amati, C., Kleinberger, R., Steed, A. et al. (2012), “3D-printing of non-assembly, articulated 
models”, ACM Transactions on Graphics (TOG), Vol. 31 No. 6. https://doi.org/10.1145/2366145.2366149 
Castet, J.-F. and Saleh, J.H. (2009), “Satellite and satellite subsystems reliability: statistical data analysis and 
modelling”, Reliability Engineering and System Safety, Vol. 94 No. 11, pp. 1718-1728. 
https://doi.org/10.1016/j.ress.2009.05.004 
Chen, T., Mueller, J. and Shea, K. (2016), “Design and fabrication of a bistable actuator with multi-material 
additive manufacturing”, Proceedings of SFF 2016 / the 27th Annual International Solid Freeform Fabrication 
Symposium- An additive manufacturing conference, Austin, Texas, August 8-10, 2016, The University of Texas 
at Austin, pp. 2060-2076.  
Clinton, R. (2016), NASA’s In Space Manufacturing Initiative and Additive Manufacturing Development and 
Quality Standards Approach for Rocket Engine Space Flight Hardware. [online] NASA, Marshall Space Flight 
Center. Available at: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20160004218.pdf (accessed 
28.02.2018). 
Cross, N. (2000), Engineering design methods, John Wiley and Sons Ltd, Chichester, West Sussex.  
Custompart (2018), Milling. [online] Custompartnet. Available at: http://www.custompartnet.com/wu/milling 
(accessed 27.02.2018). 
Davis, M., Middendorf, J., Garg, N. and Ohanian, O.J. (2016), “Additively manufactured components with 
embedded instrumentation”, Proceedings of ASME 2016 International Mechanical Engineering Congress and 
Exposition, Vol. 2, Phoenix, Arizona, November 11-17, 2016, ASME, pp. V002T02A066. 
https://doi.org/10.1115/IMECE2016-66697 
Dimitrov, D., Schreve, K. and de Beer, N. (2006), “Advances in three-dimensional printing – state of the art and 
future perspectives”, Rapid Prototyping Journal, Vol. 12 No. 3, pp. 136-147. 
https://doi.org/10.1108/13552540610670717 
Dordlofva, C., Lindwall, A. and Törlind, P. (2016), “Opportunities and Challenges for Additive Manufacturing in 
Space Applications”, Proceedings of NordDesign 2016, Vol. 1, Trondheim, Norway, August 10-12, 2016, The 
Design Society, Glasgow, pp. 401-410.  
Elsevier (2018), About Scopus. [online] Elsevier. Available at: https://www.elsevier.com/solutions/scopus 
(accessed 27.02.2018). 
Emmelmann, C., Sanders, P., Kranz, J. and Wycisk, E. (2011), “Laser Additive Manufacturing and Bionics: 
Redefining Lightweight Design”, Physics Procedia, Vol. 12, pp. 364-368. 
https://doi.org/10.1016/j.phpro.2011.03.046 
1004 DESIGN METHODS
 EOS (2018), Complex geometries. [online] EOS. Available at: 
https://www.eos.info/additive_manufacturing/for_your_business/complex_geometries (accessed 27.02.2018).  
ESA (2017), New centre introducing ESA projects and space firms to 3D printing. [online] ESA. Available at: 
http://www.esa.int/Our_Activities/Space_Engineering_Technology/New_centre_introducing_ESA_projects_
and_space_firms_to_3D_printing (accessed 02.03.2018). 
Essa, K., Hassanin, H., Attallah, M.M., Adkins, N.J., Musker, A.J. et al. (2017), “Development and testing of an 
additively manufactured monolithic catalyst bed for HTP thruster applications”, Applied Catalysis A: General, 
Vol. 542, pp. 125-135. https://doi.org/10.1016/j.apcata.2017.05.019 
Farinia (2018), How Can Additive Manufacturing Help the Aerospace Sector? [online] Farinia Group. Available 
at: http://www.farinia.com/additive-manufacturing/industrial-3d/can-additive-manufacturing-save-the-
aerospace-sector (accessed 27.02.2018). 
Frazier, W.E.J. (2014), “Metal Additive Manufacturing: A Review”, Journal of Materials Engineering and 
Performance, Vol. 23 No. 6, pp. 1917-1928. https://doi.org/10.1007/s11665-014-0958-z 
Ghidini, T. (2013), European Space Agency Perspective on Additive Manufacturing (AM) [online] ESA. Available 
at: http://www.3d-printing-additive-manufacturing.com/media/downloads/47-d1-09-00-b-tommaso-ghinini-
esa.pdf (accessed 28.02.2018). 
Gibson, I., Goenka, G., Narasimhan, R. and Bhat, N. (2010), “Design rules for additive manufacturing”, 
Proceedings of SFF 2010 / the 21st Annual International Solid Freeform Fabrication Symposium, Austin, 
Texas, August 9-11, 2010, The University of Texas at Austin, pp. 705-716. 
Gibson, I., Rosen, D.W. and Stucker, B. (2015), Additive Manufacturing Technologies: Rapid prototyping to 
Direct Digital Manufacturing, Springer, New York. https://doi.org/10.1007/978-1-4939-2113-3 
Gockel, J., Beuth, J. and Taminger, K. (2014), “Integrated control of solidification microstructure and melt pool 
dimensions in electron beam wire feed additive manufacturing of Ti-6Al-4V”, Additive Manufacturing, Vol. 
1-4, pp. 119-126. https://doi.org/10.1016/j.addma.2014.09.004 
Goehrke, S. (2017), Aerosint Brings Multi-Material Capabilities to Powder Bed 3D Printing. [online] 3D 
Print.com. Available at: https://3dprint.com/190661/aerosint-multi-material-3dp/ (accessed 27.02.2018). 
Goehrke, S. (2017), The ESA Explores 3D Printing on Earth and Beyond. [online] 3D Print.com. Available at: 
https://3dprint.com/187581/esa-3d-printing/ (accessed 02.03.2018). 
Gordon, E., Shokrani, A., Flynn, J., Goguelin, S. Barclay, J. and Dhokia, V. (2016), “A surface modification 
decision tree to influence design in additive manufacturing”, In: Setchi, R., Howlett, R., Liu, Y. and Theobald 
P. (Eds.), Sustainable Design and manufacturing, Springer, Cham, pp. 423-434. https://doi.org/10.1007/978-
3-319-32098-4_36  
Grunewald, S. (2016), ESA Taps BEEVERYCREATIVE to Help Develop a 3D Printing Breadboard for the ISS. 
[online] 3DPrint.com. Available at: https://3dprint.com/115418/beeverycreative-esa-iss/ (accessed 02.03.2018). 
Guo, N. and Leu, M.C. (2013), “Additive manufacturing: technology, applications and research needs”, Frontiers 
of Mechanical Engineering, Vol. 8 No. 3, pp. 215-243. https://doi.org/10.1007/s11465-013-0248-8  
Gutierrez, C., Salas, R., Hernandez, G., Muse, D., Olivas, R. et al. (2011), “CubeSat fabrication through additive 
manufacturing and micro-dispensing”, Proceedings of IMAPS 2011 / the 44th International Symposium on 
Microelectronics, Long Beach, California, October 9-13, 2011, International Microelectronics Assembly and 
Packaging Society, pp. 1021-1027. https://doi.org/10.4071/isom-2011-THA4-Paper3 
Hague, R., Campbell, R. and Dickens, P. (2003), “Implications on design of rapid manufacturing”, Journal of 
Mechanical Engineering Science, Vol. 17 No. 1, pp. 25-30. https://doi.org/10.1243/095440603762554587 
Hassanin, H., Elshaer, A., Benhadj-Djilali, R., Modica, F. and Fassi, I. (2018), “Surface Finish Improvement of 
Additive Manufactured Metal Parts “, In: Gupta, K. (Ed.), Micro and Precision Manufacturing, Springer, 
Cham, pp. 145-164. https://doi.org/10.1007/978-3-319-68801-5_7 
Hendley, N. (2018), CAD still key for additive design work. [online] Canadian metal working. Available at: 
https://www.canadianmetalworking.com/article/automationsoftware/cad-still-key-for-additive-design-work 
(accessed 10.03.2018). 
HSSMI (2017), Overcoming Limitations of Additive Manufacturing Through Advances in CAD Technology. 
[online] HSSMI A manufacturing innovation institute. Available at: http://hssmi.org/news/overcoming-
limitations-additive-manufacturing-advances-cad-technology/ (accessed 27.02.2018). 
Hu, R., Chen, W., Li, Q. and Liu, S. (2017), “Design Optimization Method for Additive Manufacturing of the 
Primary Mirror of a Large-Aperture Space Telescope”, Journal of Aerospace Engineering, Vol. 30 No. 3. 
https://doi.org/10.1061/(ASCE)AS.1943-5525.0000690 
Johnston, M., Werkheiser, M., Snyder, M. and Edmunson, J. (2014), “3D Printing in Zero-G ISS Technology 
Demonstration”, Proceedings of AIAA SPACE 2014 Conference and Exposition, San Diego, CA, August 4-7, 
2014, AIAA SPACE Forum. https://doi.org/10.2514/6.2014-4470  
DESIGN METHODS 1005
 Käfer, S. and Seit, J. (2017), 3D Printing-Possibilities and Current Limitations. [online] SpotLightMetal. 
Available at:https://www.spotlightmetal.com/3d-printing-possibilities-and-current-limitations-a-669410 (accessed 
27.02.2018). 
Kannan, T. (2017), Design for additive manufacturing. [online] ASSEMBLY. Available at: 
https://www.assemblymag.com/articles/93741-design-for-additive-manufacturing (accessed 27.02.2018). 
Kim, T., Yue, S., Zhang, Z., Jones, E., Jones, J. and Lee, P. (2014), “Additive manufactured porous titanium 
structures:Through-process quantification of pore and strut networks”, Journal of Materials Processing 
Technology, Vol. 214 No. 11, pp. 2706-2715. https://doi.org/10.1016/j.jmatprotec.2014.05.006  
Kitchenham, B. and Charters, S. (2007), Guidelines for performing systematic literature reviews in software 
engineering, Keele University, Durham, UK.  
Klahn, C., Leutenecker, B. and Meboldt, M. (2015), “Design Strategies for the Process of Additive 
Manufacturing”, Procedia CIRP, Vol. 36, pp. 230-235. https://doi.org/10.1016/j.procir.2015.01.082  
Kramer, H. (2018), ISS Utilization: 3D Print (3D Printing in Zero-G Technology Demonstration). [online] EO 
Portal. Available at: https://directory.eoportal.org/web/eoportal/satellite-missions/i/iss-3d-print (accessed 
02.03.2018). 
Kumbhar, N. and Mulay, A. (2016), “Post Processing Methods used to Improve Surface Finish of Products which 
are Manufactured by Additive Manufacturing Technologies: A Review”, Journal of The Institution of 
Engineers (India), Series C, pp. 1-7. https://doi.org/10.1007/s40032-016-0340-z  
Kumke, M., Watschke, H. and Vietor, T. (2016), “A new methodological framework for design for additive 
manufacturing”, Journal of virtual and physical prototyping, Vol. 11 No. 1, pp. 3-19. 
https://doi.org/10.1080/17452759.2016.1139377  
Laverne, F., Segonds, F., Anwer, N. and Le Coq, M. (2015), “Assembly based methods to support innovation in 
design for additive manufacturing: An exploratory case study”, Journal of Mechanical Design, Vol. 137 No. 
12, pp. 121701. https://doi.org/10.1115/1.4031589  
Lindwall, A., Dordlofva, C. and Öhrwall Rönnbäck, A. (2017), “Additive manufacturing and the product 
development process: insights from the space industry”, Proceedings of ICED’17 / the 21st International 
conference of engineering design, Vol. 5, Vancouver, Canada, August 21-25, 2017, The Design Society, 
Glagow, pp. 345-354.  
Loughborough University (2018), About Additive Manufacturing. [online] Loughborough University. Available 
at: http://www.lboro.ac.uk/research/amrg/about/materials/ (accessed 27.02.2018). 
Maheshwaraa, U., Seepersad, C. and Bourel, D. (2011), “Topology design and freeform fabrication of deployable 
structures with lattice skins”, Rapid Prototyping Journal, Vol. 17 No. 1, pp. 5-16. 
https://doi.org/10.1108/13552541111098581 
Mahto, M. and Sniderman, B. (2017), 3D opportunity for electronics. [online] Deloitte insights. Available at: 
https://www2.deloitte.com/insights/us/en/focus/3d-opportunity/additive-manufacturing-3d-printed-
electronics.html (accessed 27.02.2018). 
Maidin, S., Campbell, I. and Pei, E. (2012), “Development of a design feature database to support design for 
additive manufacturing”, Assembly Automation, Vol. 32 No. 3, pp. 235-244. 
https://doi.org/10.1108/01445151211244375 
Mankins, J. (1995), Technology readiness levels, Advanced Concepts Office, Office of Space Access and 
Technology NASA.  
Martin-Iglesias, P., Van Der Vorst, M., Gumpinger, J. and Ghidini, T. (2017), “ESA's recent developments in the 
field of 3D-printed RF/microwave hardware”, Proceedings of the 11th European Conference on Antennas and 
Propagation, Paris, France, May 19-24, 2017, IEEE, pp. 553-557.  
Martukanitz, R., Michaleris, P., Palmer, T., DebRoy, T., Liu, Z.-K. et al. (2014), “Toward an integrated 
computational system for describing the additive manufacturing process for metallic materials”, Additive 
Manufacturing, Vol. 1-4, pp. 52-63. https://doi.org/10.1016/j.addma.2014.09.002 
McClain, M. (2017), Development and Characterization of a Novel Additive Manufacturing Technology Capable 
of Printing Propellants with High Solids Loadings. [online] NASA. Available at: 
https://www.nasa.gov/directorates/spacetech/strg/nstrf_2017/Novel_Additive_Manufacturing_Technology 
(accessed 28.02.2018). 
McClintock, C. (2017), How additive manufacturing is changing 3D CAD. [online] PTC Available at: 
https://www.ptc.com/en/cad-software-blog/how-additive-manufacturing-is-changing-3d-cad (accessed 
10.03.2018). 
McClintock, C. (2018), 5 signs your CAD tools fail at 3D printing. [online] PTC Available at: 
https://www.ptc.com/en/cad-software-blog/5-signs-your-cad-tools-fail-at-3d-printing (accessed 10.03.2018). 
McEleney, J. (2017), The future of 3D printing: 5 additive manufacturing trends to look for in 2017. [online] On 
shape. Available at: https://www.onshape.com/cad-blog/the-future-of-3d-printing-5-additive-manufacturing-
trends-to-look-for-in-2017 (accessed 10.03.2018). 
1006 DESIGN METHODS
 Mellor, S., Hao, L. and Zhang, D. (2014), “Additive manufacturing: A framework for implementation”, 
International Journal of Production Economics, Vol. 149, pp. 194-201. 
https://doi.org/10.1016/j.ijpe.2013.07.008 
Monzón, M., Ortega, Z., Martínez, A. and Ortega, F. (2015), “Standardization in additive manufacturing: activities 
carried out by international organizations and projects”, International Journal of Additive Manufacturing 
Technology, Vol. 76 No. 5-8, pp. 1111-1121. https://doi.org/10.1007/s00170-014-6334-1 
MSCSoftware (2018), Additive Manufacturing. [online] MSC Software. Available at: 
http://www.mscsoftware.com/application/additive-manufacturing (accessed 27.02.2018). 
Munguía, J., de Ciurana, J. and Riba, C. (2008), “Pursuing successful rapid manufacturing: a users’ best-practices 
approach”, Rapid Prototyping Journal, Vol. 14 No. 3, pp. 173–179. 
https://doi.org/10.1108/13552540810878049 
Panesar, A., Brackett, D., Ashcroft, I., Wildman, R. and Hague, R. (2014), “Design optimization strategy for 
multifunctional 3D printing”, Proceedings of SFF 2014 / the 25th Annual International Solid Freeform 
Fabrication Symposium, Austin, Texas, August 4-6, 2014, The University of Texas at Austin, pp. 1179-1193.  
Pawlicki, J. (2015), Comparing Innovation Aviation and Aerospace to Other Industries - Part two: Aero vs. 
electro. [online] DOM. Available at http://www.dommagazine.com/article/comparing-innovation-aviation-
and-aerospace-other-industries-part-two-aero-vs-electro (accessed 12.03.2018). 
Ponche, R. (2013), Méthodologie de conception pour la fabrication additive, application `a la projection de 
poudres, PhD thesis, Ecole Centrale de Nantes (ECN).  
Ponche, R., Hascoët, J., Kerbrat, O. and Mognol, P. (2012), “A new global approach to design for additive 
manufacturing”, Virtual and Physical Prototyping, Vol. 7 No. 2, pp. 93-105. 
https://doi.org/10.1080/17452759.2012.679499 
Ponche, R., Kerbrat, O., Mognol, P. and Hascoët, J. (2014), “A novel methodology of design for additive 
manufacturing applied to additive laser manufacturing process”, Robotics and Computer-Integrated 
Manufacturing, Vol. 30 No. 4, pp. 389-398. https://doi.org/10.1016/j.rcim.2013.12.001 
Renishaw (2018), Renishaw fact sheet: additive manufacturing. [online] Renishaw. Available at: 
http://resources.renishaw.com/en/details/renishawfact-sheet-additive-manufacturing--58726 (accessed 27.02.2018). 
Rias, A., Bouchard, C., Segonds, F. and Abed, S. (2016), “Design for additive manufacturing: A creative 
approach”, Proceedings of the DESIGN 2016 / 14th International Design Conference, Dubrovnik, Croatia, May 
16-19, 2016, The Design Society, Glasgow, pp. 411-420.  
Rias, A., Segonds, F., Bouchard, C. and Abeds, S. (2017), “Towards additive manufacturing of intermediate 
objects (AMIO) for concepts generation”, International Journal on Interactive Design and Manufacturing, 
Vol. 11 No. 2, pp. 301-315. https://doi.org/10.1007/s12008-017-0369-0 
Rosen, D. (2007), “Design for additive manufacturing: A method to explore unexplored regions of the design 
space”, Proceedings of SFF 2007 / the 17th Annual International Solid Freeform Fabrication Symposium, 
Austin, Texas, August 6-8, 2007, The University of Texas at Austin, pp. 402-415.  
Rosen, D. (2013), “Computer-Aided Design for Additive Manufacturing of Cellular Structures”, Journal of 
computer-aided design and applications, Vol. 4 No. 5, pp. 585-594. 
https://doi.org/10.1080/16864360.2007.10738493  
Rosen, D. (2014), “Design for Additive Manufacturing: Past, Present, and Future Directions”, Journal of 
Mechanical Design, Vol. 136 No. 9, pp. 090301. https://doi.org/10.1115/1.4028073 
Salonitis, K. (2016), “Design for additive manufacturing based on the axiomatic design”, International Journal of 
Additive Manufacturing Technology, Vol. 87 No. 1-4, pp. 989-996. https://doi.org/10.1007/s00170-016-8540-
5 
Schelmetic, T. (2017), NASA Projects Advance Technology for Additive Manufacturing in Space. [online] Design 
News. Available at: https://www.designnews.com/materials-assembly/nasa-projects-advance-technology-
additive-manufacturing-space/111729844756546 (accessed 02.03.2018). 
Schmelzle, J., Kline, E., Dickman, C., Reutzel, E., Jones, G. and Simpson, T. (2015), “(Re)Designing for Part 
Consolidation: Understanding the Challenges of Metal Additive Manufacturing”, Journal of Mechanical 
Design, Vol. 137 No. 11, pp. 111404. https://doi.org/10.1115/1.4031156 
Seepersad, C., Jared, A. and Sharpe, C. (2017), “The need for effective design guides in additive manufacturing”, 
Proceedings of ICED’17 / 21st International Conference on Engineering Design, Vol. 5, Vancouver, Canada, 
August 21-25, 2017, The Design Society, pp. 21-25.  
Shao, S. (2017), The limitation of the Additive Manufacturing (3D Printing). [online] MSING051 and MSINGC02. 
Available at: https://medium.com/msing051/the-limitation-of-the-additive-manufacturing-3d-printing-
7b6ff7df521f (accessed 27.02.2018). 
Stratasys (2018), ASTM Additive Manufacturing Standards: What You Need to Know. [online] Stratasys direct 
manufacturing. Available at: https://www.stratasysdirect.com/company/quality-assurance/astm-additive-
manufacturing-standards-what-you-need-to-know (accessed 27.02.2018). 
DESIGN METHODS 1007
 Stratasys (2018), Multi-Material 3D Printing. [online] Stratasys direct manufacturing. Available at: 
http://www.stratasys.com/solutions/additive-manufacturing/multi-material-3d-printing (accessed 27.02.2018). 
Swerea (2017), State-of-the-art for Additive Manufacturing of Metals – Report from Ramp-Up. [online] Swerea-
Swedish research. Available at: https://www.swerea.se/en/news/state-of-the-art-for-additive-manufacturing-
of-metals-report-from-ramp-up (accessed 27.02.2018).  
Thomas, D. (2009), The Development of Design Rules for Selective Laser Melting, PhD thesis, University of Wales.  
Thompson, M.K., Moroni, G., Vaneker, T., Fadel, G., Campbell, R.I. et al. (2016), “Design for Additive 
Manufacturing: Trends, opportunities, considerations, and constraints”, CIRP Annals-Manufacturing 
Technology, Vol. 65 No. 2, pp. 737-760. https://doi.org/10.1016/j.cirp.2016.05.004 
Tilton, B., Dobner, E. and Holdowsky J. (2017), 3D opportunity for standards. [online] Deloitte Insights. 
Available at: https://www2.deloitte.com/insights/us/en/focus/3d-opportunity/additive-manufacturing-
standards-for-3d-printed-products.html (accessed 27.02.2018). 
TNO (2014), Support Action for Standardisation in Additive Manufacturing - Project summary document. [online] 
SASAM. Available at: http://cordis.europa.eu/docs/results/319167/final1-project-summary-sasam-final.pdf  
Uriondo, A., Esperon-Miguez, M. and Perinpanayagam, S. (2015), “The Present and Future of Additive 
Manufacturing in the Aerospace Sector: A Review of Important Aspects”, Journal of Aerospace Engineering, 
Vol. 229 No. 11, pp. 2132-2147. https://doi.org/10.1177/0954410014568797 
Vayre, B., Vignat, F. and Villeneuve, F. (2012), “Designing for Additive Manufacturing”, Procedia CIRP, Vol. 
3, pp. 632-637. https://doi.org/10.1016/j.procir.2012.07.108 
Wang, W., Azarian, M.H. and Pecht, M. (2008), “Qualification for product development”, Proceedings of the 
ICEPT-HDP 2008 International Conference on Electronic Packaging Technology & High-Density Packaging, 
Shangai, China, IEEE, pp. 1-12. https://doi.org/10.1109/ICEPT.2008.4606933 
Wits, W., Weitkamp, S. and van Es, J. (2013), “Metal additive manufacturing of a high-pressure micro-pump”, 
Procedia CIRP, Vol. 7, pp. 252-257. https://doi.org/10.1016/j.procir.2013.05.043 
Wohlin, C. (2014), “Guidelines for snowballing in systematic literature studies and a replication in software 
engineering”, Proceeding EASE '14 / the 18th International Conference on Evaluation and Assessment in 
Software Engineering, London, UK, ACM, New York, USA. https://doi.org/10.1145/2601248.2601268  
Yang, S. and Zhao, Y.F. (2015), “Additive manufacturing-enabled design theory and methodology: a critical 
review”, International Journal of Advanced Manufacturing Technology, Vol. 80 No. 1-4, pp. 327-342. 
https://doi.org/10.1007/s00170-015-6994-5 
Yang, S., Tang, J. and Zhao, Y. (2015), “A new part consolidation method to embrace the design freedom of 
additive manufacturing”, Journal of Manufacturing Processes, Vol. 20 No. 3, pp. 444-449. 
https://doi.org/10.1016/j.jmapro.2015.06.024 
Yang, S., Tang, J. and Zhao, Y.F. (2016), “Assembly-level design for additive manufacturing: issues and 
benchmark”, Proceedings of the ASME 2016 International Design Engineering Technical Conferences and 
Computers and Information in Engineering Conference, Vol. 2A, Charlotte, North Carolina. ASME, pp. 
V02AT03A028. https://doi.org/10.1115/DETC2016-59565 
Yeong, W.Y. and Chua, C.K. (2013), “A quality management framework for implementing additive 
manufacturing of medical devices”, Virtual and Physical Prototyping, Vol. 8 No. 3, pp. 193-199. 
https://doi.org/10.1080/17452759.2013.838053  
Zhang, Y. and Bernard, A. (2013), “Using AM feature and Multi-attribute decision making to orientate part in 
Additive Manufacturing”, International Conference on Advanced Research in Virtual and Rapid Prototyping, 
Leiria, Portugal, Taylor & Francis, London, pp. 411-416. https://doi.org/10.1201/b15961-76 
 
Olivia Borgue, PhD student 
Chalmers University of Technology, Industrial and Material Science 
Slätten 3B, 41661 Göteborg, Sweden 
Email: borgue@chalmers.se 
1008 DESIGN METHODS
